ABSTRACT: Oxidation coatings have been prepared on AZ91D magnesium alloys. Effect of spark type on the thickness, morphology, chemical composition and structure of the coatings was studied. Tensile properties of the samples were also investigated. The surface morphologies, chemical composition and phase structure of the coatings have been characterized by scanning electron microscopy (SEM), energy dispersion spectrometry (EDS) and X-ray diffraction (XRD) respectively. The results show that the oxidation coatings under three types of spark were porous and had the same phase structure. Under spark II, the thickness of the coating was 17~27μm and the coating was uniform and compact. Compared with AZ91D substrate, the tensile strength of the spark I and III coatings decreased and that of the spark II increased. The fracture mode of untreated/anodized magnesium alloys was quasi-cleavage fracture.
INTRODUCTION
Anodizing treatment technique has been widely applied to improving the corrosion resistance of magnesium and its alloys (Arjun et al., 2013) . It can produce a relatively thick, hard, adherent, corrosion-and wear-resistance coating on magnesium alloy surface (Durdu et al., 2012) . During anodizing process, when the applied voltage reached a breakdown voltage of the coating formed before, the magnesium alloy anode was observed to exhibit spark discharges that moved randomly over the surface. The spark discharge zone temperature may be up to thousands of degrees (Hussein, 2011) , which caused localized high temperature on the surface. Then, magnesium alloy and coating materials were melted locally and formed high hardness ceramic coatings in the cooling effect of the electrolyte. The spark discharge was one of the primary characters of anodizing treatment, which was the main condition for preparing high hardness and good wear resistance coatings with wide range thickness (from a few micrometers to hundreds of micrometers).
At present, the research on spark has focused on the phenomenon and evolution of spark discharge during the anodizing process (Cai et al., 2011) . For example, the anodizing process can be classified several stages, and the size and color of the discharge sparks was different at each stage (Zhao & Wang, 2010) . A piece of magnesium alloy was partly treated by spark discharges and the influence of spark discharges on the morphologies and element distributions was studied by Yanhua Wang et al. (2006) . However, not enough attention has been given to the influences of discharge spark types on the properties of anodizing oxidation coatings.
On the other hand, the localized high temperature caused by spark discharges on magnesium alloy surface may have an impact on mechanical and fatigue properties of magnesium alloy materials (Eifert, 1999) . For example, Keronite plasma electrolytic oxidation coatings may cause no more than a 10% reduction in the endurance limit of the Mg alloy. The mechanical and fatigue properties were very important for the application of magnesium alloy materials.
Therefore, influence of spark discharges on mechanical properties of magnesium alloys materials was worth studying.
Therefore, in this work, the anodic oxidation coatings were prepared under different spark types.
The different spark types were obtained by manually controlling the voltage during the anodizing process. And the effect of spark types on the thickness, morphology, chemical composition and structure of the oxidation coatings was studied. At the same time, tensile properties of AZ91D magnesium alloy substrate and the anodized specimens under different spark types were also investigated.
EXPERIMENTAL
Die cast AZ91D magnesium alloy (9.1 wt% Al, 0.5 wt% Zn) was employed in this study. The size and shape of AZ91D samples are shown in Figure 1 . The thickness of the samples is 2 mm. Electrical connection was made by using screws into tapped holes. Before oxidation, the samples were degreased in alkaline detergent, rinsed with demineralized water and finally dried in hot air. 
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The magnesium alloy samples were used as an anode in the electrolytic cell, and a stainless steel plate was served as a counter electrode. AC power source was applied and its voltage range was 0~250V. The constant voltage mode was employed and the work voltage value was adjusted through the dial knob of the power source. During oxidation process, voltage was controlled manually to generate different types of spark on the surface of magnesium alloys. In order to ensure the type and number of discharge sparks, the work voltage need to increase slowly during the whole anodizing process. The reason was the growth of the oxidation coatings. Three kinds of spark studied are as follows: 1) Tiny white spark (named as spark I, 80V~130V)
2) Intensive orange spark (named as spark II, 135V~165V) 3) Large intensive arc spark (named as spark III, 170V~200V)
The samples were anodized in 1mol/L Na 2 SiO 3 +10vol.% silica sol aqueous electrolyte at room temperate. The preparation of silica sol was shown in a previous paper (Li, 2006) and the anodizing time is 60min.
The thickness of anodic coatings was measured by eddy current thickness meter (E110B, Germany). Fifteen different points were chosen randomly from the coating surface. The average thickness was counted after removing the smallest and largest one. The surface morphologies of the anodic coatings were characterized by scanning electron microscopy (SEM, HITACHI S-530) and the elemental compositions were determined by energy dispersion spectrometry (EDS, OXFORD LINK ISIS). The phases of the coating were analyzed by X-ray diffraction (XRD, D/max 2200PC). The tensile properties of the substrate/anodized samples was evaluated using a SANS ® computer-controlled electronic universal material testing machine at room temperature. A dynamometer and extensometer were used to measure the actual value of load and deformation, respectively. According to the control and analysis software, tensile strength, elastic modulus and fracture strain can be calculated. All tensile tests were repeated at least four times. Fracture surface morphologies of all the samples were analyzed using SEM. 
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The surface SEM micrographs of the oxidation coatings formed under different spark types are shown in Figure. 3. The coating surface under spark I was uniform and the micro pores were small. For spark II, the oxidation coating was also uniform. However, compared with the coating under spark I, the size of the micro pores on the surface became large and some micro-cracks appeared. The oxidation coating under spark III was rough and uneven. The micro-pores became larger, the micro-cracks increased, and the coating looked very loose.
The surface element contents of the oxidation coatings obtained under different spark types are shown in Table 1 . The oxidation coatings mainly contained O, Si, Mg and Al. Compared with spark II and III, for the spark I oxidation coating, the amount of O and Si was less and the amount of Mg and Al was higher. This indicated that the coating obtained under spark I was thinner than that obtained under spark II and III. The reason was that magnesium alloy substrate element could be detected during EDS test. A small quantity of Na was also detected on the surface of the oxidation coatings under the condition of spark II and III. Element of Na was not detected on the coating surface under spark I. It can be seen from Figure 3 that the coating of spark I was compact and the micro pores were small, and the coatings of spark II and III had more and larger micro pores. Therefore, the presence of Na in the coating may be responsible for the adsorption of electrolyte by the porous coating. Figure 4 shows the cross section SEM morphologies of the oxidation coatings formed under different spark type. The spark I oxidation coating was the thinnest in thickness and the most compact, and the micro pores were small. The spark II coating was thicker, about 25 μm.
Meanwhile, the micro pores increased in quantity and became large in size. The spark III oxidation coating was the thickest. However, the micro defect increased significantly. Many micro cracks appeared and the brittleness of the coating increased. For spark I and II, it can be seen from the cross section morphologies that the corresponding coatings were nearly in the same horizontal plane with the magnesium alloy substrate and even a little higher than the 781 substrate. This indicated good hardness of the coatings. For spark III, the coating and substrate
was not in the same horizontal plane, and that of the coating was lower. This may be caused by grinding when preparing the test specimen. This indicated that the oxidation coating was coarse, brittle, and had low strength. detected. The spark type had little effect on the phase structure of the oxidation coatings. The spark type only affected the relative intensity of the diffraction peaks, which may be due to the differences in density, uniformity and micro pore size of the oxidation coatings. All coatings were mainly composed of Mg 2 SiO 4 . The atomic ratio of the coatings shown in Table 1 3.2 Effects of spark types on the tensile properties of magnesium alloy Table 2 shows the tensile test results of AZ91D magnesium alloy substrate and the magnesium alloy specimens anodized under different spark type at room temperature. Compared with AZ91D substrate, the tensile strength of the anodized samples under spark I and III decreased, while that under spark II increased. The elastic modulus of all anodized specimens decreased. Figure 6 shows the stress-strain curves of AZ91D magnesium alloy substrate and the anodized specimens under different spark type at room temperature. From the stress beginning until the fracture, the deformations of the specimens were small and there was no apparent yielding and necking phenomenon. The deformation of AZ91D substrate and the anodized specimens were elastic-uniform plastic type. Fracture strain of AZ91D substrate was 0.8~1.0%. The plastic deformation was small, which was attributed to the close-packed hexagonal structure, less slip plane and less slip systems of AZ91D magnesium alloy. Fracture strain of the anodized samples under spark I was 0.9~1.1% and that under spark III was 1.0~1.2%, which were close to the fracture strain of AZ91D substrate. Fracture strain of the spark II anodized samples increased to 1.7~1.9%. The spark discharge, growth process of the coating and the presence of residual compressive stress may contribute to the improvement of the tensile properties of magnesium alloy, such as tensile strength improved and fracture strain increased.
The fracture surface of AZ91D magnesium alloy substrate was flush and bright. No fracture contraction and no apparent plastic deformation were observed. According to the theory of fracture analysis, the fracture type of AZ91D substrate was brittle fracture. Therefore, the elongation rate was low. Figure.7 shows the SEM images of fracture surface of AZ91D substrate.
In Figure. 7, cleavage steps and river patterns were observed, and some dimples were also found.
The fracture surface was characterized by transgranular fracture, accompanied with intergranular fracture.
AZ91D magnesium alloy was consisted of primary α-Mg phase and aluminum-rich β-Mg 17 Al 12 phase. Because magnesium has close-packed hexagonal structure, cleavage fracture is prone to occur under loading or stress. Therefore, the cleavage steps and river patterns in Figure. 7 may be attributed to α-Mg phase of magnesium alloy. The β-Mg 17 Al 12 phase was the second phase particles of magnesium alloy, during the tensile test cracks easily propagated along the β-phase boundaries. When the specimens fractured, the section of the fractured specimens revealed dimples on the fracture surface of β-phase. The fracture mode of AZ91D magnesium alloy substrate was a mixed mechanism involving both cleavage and microvoid coalescence. In general, it was quasi-cleavage fracture. 3.3 The role of spark types during the anodizing process Three types of spark were generated by adjusting and controlling the voltage manually. When the breakdown of magnesium alloy surface just occurred, the spark I appeared, which was white, small and silent, like the twinkling stars in the sky. The oxidation voltage was low. As the reaction proceeded, the sparks reduced gradually. This is because the growth of the coating and the increase of the coating thickness. The breakdown voltage of the coating increased with the increasing coating thickness. In order to maintain the number of sparks, the oxidation voltage need to be improved. So, through manual operation, the voltage was slowly increased to maintain the white tiny discharge sparks on the magnesium alloy surface. The voltage was adjusted repeatedly until the reaction lasting for 1h. During the whole oxidation process, the spark energy was weak. After the oxidation process ended, the temperature of the solution was about 30℃. The spark II was intensive and orange. Compared with the spark I, the number of discharge sparks was more and the size was slightly large. The controlling and maintaining of the spark II was similar to the spark I. The spark energy of the spark II was larger than that of the spark I. After oxidizing for 1h, the temperature of the solution was reached about 45℃. The size and spark energy of the spark III was the largest. When the oxidation process was over, the solution was nearly boiling. The temperature of the solution was more than 80℃.
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The AC power supply was used to prepare anodic oxidation coatings on magnesium alloys. The oxidation voltage waveform was a sine wave. In the positive half cycle of the applied voltage, the anodizing process began and the anodic oxidation coatings formed on the magnesium alloy surface. First, the magnesium alloy was dissolved as the anode and transformed to Mg 2+ ions (as the reaction (1)). At the same time, oxygen generated by decomposition of OH -on the magnesium electrode surface (as the reaction (2) 
During the negative half cycle of the applied voltage, magnesium alloy was worked as the cathode. Under the action of electric field force, anions in the solution moved away from and cations moved near to the magnesium alloy surface. On the AZ91D surface, the gathered H + ions were reduced to H 2 . A barrier gas layer formed on the boundary between the coating and the electrolyte due to the accumulation of the hydrogen gas. When the next positive half cycle of the voltage came, the breakdowns through the barrier gas layer and the formed coating layer occurred. As a result, spark discharges continued on the anode and the oxidation coating continued to grow and thicken.
In conventional anodic oxidation stage, no sparks appeared on the alloy surface. The formed anodic coating was very thin. When the voltage rose to the breakdown potential, discharge sparks appeared on the alloy surface. The local temperature of the sparks area was very high, probably more than 1000℃. Under the effect of local high temperature, the coating and substrate in the sparks area would be partly molten. The melt materials sprayed along the micro-discharge channels into the electrolyte and were cooled rapidly. Therefore, a porous structure formed on the magnesium alloy surface. As the anodizing process proceeded, the coating continued to grow along the substrate surface in horizontal and vertical directions. The density and thickness of the coating increased. It can be seen that the growth of the coating is closely related to spark discharge. Three kinds of sparks have different energy so that the thickness and surface morphology of the obtained coatings were different. The size of spark I was small, with weak energy and small effect range. As a result, the growth rate of the coating was slow and the formed coating was thin in thickness. Due to the small size of sparks, the radius of micro molten pool was small. Therefore, the micro pores were small on the responding coating surface. The size of spark II was slightly bigger than that of spark I, with strong energy and big effect range. The anodizing reaction was intense on the coating/electrolyte interface so that the growth rate of the coating was fast and the thickness reached more than 20μm. The radius of micro molten pool was also bigger. Therefore, the micro pores of the coating were larger than that of spark I. The size of spark III was the largest among the three kinds of sparks, with the strongest energy and biggest effect range. Under the effect of large sparks, the oxygen evolution reaction was very intense and the coating grew very rapidly. Finally, the thickness of the coating reached more than 80μm. However, due to the high energy of the spark, the electrolyte cannot rapidly cool the molten oxides. The oxidation coating was rough and there were many micro defects such as micro-cracks. The micro pores were the largest among the three kinds of sparks because of the largest spark size.
When spark discharge occurred, the breakdown micro spark zone formed a molten pool and the spark breakdown point was the centre of the molten pool. The temperature of the micro molten pool was very high, up to thousands of degrees. The heat energy of the micro molten pool first diffused through the local coating or the substrate. Then, it diffused through the coating/electrolyte interface. Only a small part of heat directly diffused through the surface of the molten pool. During the spark discharge process, heat treatment effect on magnesium alloy substrate existed by high temperature of the micro molten pool. The continuous spark discharge on alloy surface eventually made the substrate temperature of about 60-110℃. The three kinds of sparks had different size, energy, radius of a molten pool, and heat treatment effect on magnesium alloy substrate. This was the reason that the tensile properties of the samples anodized by the three kinds of sparks were different.
CONCLUSIONS
(1) The porous oxidation coatings obtained under three types of spark showed the same phase structure and were composed of Mg 2 SiO 4 and amorphous silicon oxide.
(2) The spark type had obvious effect on the thickness and morphology of the oxidation coatings. The coating of spark II was thick (about 17~27μm), uniform and compact.
(3) The fracture mode of AZ91D magnesium alloy substrate was quasi-cleavage fracture.
(4) Compared with AZ91D magnesium alloy substrate, the tensile strength of the spark I and III coatings decreased and that of the spark II increased. The spark type has little influence on the fracture surface and fracture mode.
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